Sand-Na-bentonite mixture is widely used as engineering barrier material which usually possesses hydraulic conductivity below the regulatory limit (10 -7 cm/s). However, in some areas natural Na-bentonite is not easily available, instead an abundantly prevailing local expansive soil can be an alternative. This study assesses the suitability of a local expansive soil mixed with zeolite, readily obtained from natural reserves in Turkey, to be proposed as a landfill liner in a semi-arid climate. The choice of zeolite is due to its already well understood high adsorption capacity for heavy metals as well as its pozzolanicity. The volume change, strength, and hydraulic conductivity characteristics were studied with the effect of durability through ageing. When expansive soil to zeolite ratio of 0.5 was used, the results indicated improved properties with curing. Swell potential was observed to decrease by 85% within 90-day curing period, while 30-34% reduction was noted in shrinkage and compressibility characteristics. The hydraulic conductivity was observed to remain below the regulatory limit under all confining pressure ranges studied, provided the curing time was at least 90 days.
D r a f t 1 D r a f t D r a f t
Introduction
Wastes which include municipal industrial, mining, nuclear and packaging by-products accumulating in landfill areas generate contamination, imposing detrimental health and environmental problems. Landfill barriers, liners and covers are widely used in the waste containment facilities to prevent ingress of precipitation as well as seepage of leachate to the environment and underground water. Compacted clays which have been conventionally used as liners, are subjected to desiccation crack formation which increases the hydraulic conductivity. Cracks occurring in clayey landfill liner which cannot be closed disrupt the long-term performance of landfills, hence only suitable in areas where temperature and moisture variations are insignificant. In developing countries, cost-effective liners can be produced using locally available natural materials. Performance of landfill liners is influenced by desiccation cracks, which form preferential flow paths upon rewetting, hence increasing hydraulic conductivity. Therefore, clayey soils have disadvantage when moisture fluctuations are erratic. Daniel and Wu (1993) stated that compaction of clay liners on the wet side of the optimum yields lower hydraulic conductivity values, however this might cause a high potential for shrinkage during drying. Therefore, especially under low overburden stresses rewetting of the compacted soil might not cause self-healing, particularly important in the final cover systems, whereas higher overburden effect will constrain crack formation and propagation in the liners.
In recent studies, sand-bentonite mixtures are commonly used as barrier materials in different percentages of sand and bentonite. Bentonite, which is montmorillonitic clay, has low permeability and high plasticity, however experiences tremendous cracking upon desiccation which increases during drying-wetting cycles. The sand component of a compacted bentonite/sand mixture contributes to the strength whereas the bentonite component fills the D r a f t 4 pore space between the sand grains in order to reduce the hydraulic conductivity (Akgün et al. 2006 ). The most important parameter required in the design of barriers is the saturated hydraulic conductivity, and according to regulations the compacted barriers should possess a value lower than 10 -7 cm/s (Landfill Technical Guidance Manual 1997) .
Recently zeolite is considered as an innovative landfill material due to its filtering properties as well as low volumetric shrinkage capacity. It was observed that bentonite-zeolite mixtures are not influenced by moisture content variations and possess very low hydraulic conductivity as well as low volumetric shrinkage potential. Bentonite-embedded zeolite (BEZ) was
proposed as an alternative to bentonite-embedded sand (BES), which satisfies lower hydraulic conductivity values when compared to BES and geosynthetic clay liners. In addition, tests
showed that the shrinkage behaviour of BEZ is satisfactory for landfill liner applications (Kaya et al. 2006) . BEZ liners are superior to BES liners because of the high adsorption capacity of zeolite, therefore; it would appear to be more advantageous to use BEZ instead of BES in certain hydraulic barrier system applications, such as hydraulic landfill liners and covers (Kaya and Durukan 2004) .
The objective of this article is to examine the volume change and strength characteristics of expansive soil and zeolite (clinoptilolite) mixture within curing periods of up to 90 days, in order to assess the pozzolanic strength of zeolite and its suitability as a landfill material in a semi-arid climate. Since the requirement of a good landfill liner material is its durability, low hydraulic conductivity, low volume change and high strength under various environmental conditions, testing program was aimed to study the effect of time on swell-shrinkage,
hydraulic conductivity, compressibility, unconfined compressive strength and flexural strength.
Background on Zeolite
Natural zeolites are derived from acidic and volcanic tuffs, which occur in the form of rock forming minerals in many parts of the world. swelling potential of zeolites were not high and hydraulic conductivity was suitable for the limitation of landfill liners and can be used for these applications. Ören and Özdamar (2013) analysed the effect of zeolite particle size and compaction water content on the hydraulic conductivity behaviour. They concluded that when the compaction water content increased the hydraulic conductivity of compacted zeolite reduced and compacted granular zeolites have higher hydraulic conductivities than compacted fine zeolites.
Zeolites are suitable to be used in combination with bentonite as hydraulic properties of natural zeolite can be adjusted to meet particular requirements by adjusting the grain size through crushing and sieving process (Kaya and Durukan 2004) . Kaya et al. (2006) studied the suitability of using BEZ as alternative to BES and concluded that when zeolite was used volumetric shrinkage reduced, indicating that the mixture was not susceptible to moisture fluctuations, and the hydraulic conductivity was in the order of 10 -10 cm/s. Galvão et al.
(2008) compared compaction characteristics, volumetric shrinkage strain and hydraulic conductivity of bentonite embedded sand and bentonite embedded zeolite and they suggested that BEZ is a good material for a landfill liner. Kayabalı (1997) investigated the use of a bentonite-zeolite layer beneath clay liner and concluded that this would reduce the thickness of clay liner by 25%, and would also act as a chemical filter.
Pozzolanic activity of zeolites are investigated by various researchers who studied the chemical, mechanical and microstructural properties of clinoptilolite blended cements and concluded that zeolitic tuffs are excellent pozzolans, and that silica rich zeolites react faster than aluminum rich ones (Yılmaz et al. 2007; Caputo et al. 2008; Mertens et al. 2009; Demirbaş 2009; Uzal et al. 2010; Özen 2013 The samples were tested in five different categories of expansive soil and zeolite. First group is expansive soil (N) and the second group is 50% expansive soil and 50% zeolite (NZ).
Different curing time periods were applied to NZ specimens (0, 7, 28 and 90-days) .
Therefore, laboratory tests were performed on five groups which are N, NZ (0-d), NZ (7-d),
NZ (28-d) and NZ (90-d).

Methods
Initially, expansive soil and zeolite were dried at 50°C in the oven and pulverized to particle size finer than 425 µm. Then, optimum water content and maximum dry density values were determined by standard Proctor energy (ASTM D698-12e2) for N and NZ groups. Soil specimens used in swell, consolidation, shrinkage and unconfined compression tests, were mixed with the optimum water content, mellowed for 24 h and compacted to the maximum dry density under standard Proctor energy (ASTM D698-12e2). Compacted soil specimens were sealed with layers of polyethylene wrap and preserved in desiccators for the required curing period.
Consistency limits (ASTM D4318-10e1) and specific gravity (ASTM D854-14) tests were done for expansive soil, zeolite and uncured expansive soil-zeolite mixture.
Samples of 75 mm diameter and 15 mm height were used in one-dimensional swell (ASTM D4546-14) and consolidation tests (ASTM D2435-11). Swelling was conducted under 7 kPa surcharge pressure, and in fully inundated condition, followed by consolidation test with incremental loading.
For the shrinkage test, a set of compacted specimens of the same size as used in onedimensional swell were fully inundated and full swell was achieved. Upon completion of one-D r a f t dimensional swell, soil specimens were drained and were stored in a temperature controlled room. Diameter and height of the soil samples were measured by a digital vernier caliper as well as recording wet mass at different time intervals, along the desiccation path until the volume change ceased.
Unconfined compression test (ASTM D2166-06) was conducted on compacted soil samples with the dimensions of 38 mm diameter and 76 mm height, using triaxial equipment in the unconfined condition with a speed of 0.76 mm/min.
Flexural strength test (ASTM C348-14) was applied on prismatic soil specimens of 40 mm x 40 mm x 160 mm. Soil samples were compacted with their optimum water contents and maximum dry densities by static compaction. Flexural load was applied on soil beams with a speed of 0.5 mm/min. Three identical compacted samples were tested for each soil group and the average flexural strength was determined.
XRF and XRD readings were done by preparing samples in pellets and using Rigaku ZSX Primus II type equipment, and in powder form with Rigaku Ultima IV type equipment respectively. SEM specimens were prepared by coating with a thin film of gold for better image processing. The investigation was done using a Jeol JSM 6610-LV type SEM analyser.
Experimental Results and Discussions
Physical Properties
The physical properties of liquid limit, plasticity index (ASTM D4318-10e1), linear shrinkage (BS 1377-2:90) and specific gravity (ASTM D854-14) when zeolite was added yielded reduced values of 50, 17, 13 and 2.51 respectively. Therefore, expansive soil and zeolite D r a f t mixtures (NZ) can be classified as a borderline between low and high plasticity silt, since zeolite possesses low plasticity (Table 1) .
Compaction Characteristics
The compaction curves obtained by standard Proctor test are depicted in Figure 2 . Studying the dry density-water content relationships, it can be observed that there is a minimal change in the optimum water content, from 26% to 24.5%, and in the maximum dry density, from 1380 kg/m 3 to 1390 kg/m 3 . Therefore, it can be deduced that expansive soil (N) and expansive soil-zeolite mixtures (NZ) have exhibited almost similar dry density and optimum water content values, the degree of saturation at the optimum value being closer to the 100% saturation line for sample N. and swell pressure (p s ′) are summarized in Table 3 . Generally a decreasing trend was observed in compression indices after treatment of expansive soil. NZ (0-d) has a compression index of 30% less than the original soil, which reduced further with curing, reaching to 30% additional reduction from 0-day to 90-day curing period. This substantial reduction in compression index is due to 50% zeolite addition, unlike Hong et al. (2012) who investigated on the effect of zeolite contents ≤10% added to enhance the sorption capacity of sand-bentonite mixtures, and observed an insignificant effect on consolidation behaviour.
This improvement is explained again with the pozzolanic process causing structural changes due to rearrangement of particles with curing time, being coated by CSH gel, developing into formation of tobermorite in time. An average of 5% volumetric strain observed in this study at the end of 90-day curing period can be considered agreeable based on Kleppe and Olson (1985) who reported that volumetric shrinkage strain should be less than 5% for minor cracks not to occur.
In addition, volumetric shrinkage test results were fitted by the hyperbolic model (Fredlund et al. 2002) given in Equation (2).
where, a sh : fitting parameter (minimum void ratio), b sh : fitting parameter (shrinkage limit), c sh :
fitting parameter (curvature of the hyperbola), w: gravimetric water content. The shrinkage property of a soil is characterized by its shrinkage curve which is normally presented as a D r a f t water content-void ratio plot. It is one of the tools in understanding the constitutive behaviour of soils. It represents the relation between the evolution of the shrinkage process and the subsequent structural changes, hence a practical tool to follow these hydro-structural property variations along the desiccation path (Fredlund et al. 2002) .
Shrinkage curves and fitting parameters for all soil groups are shown in Figure 7 and Table 4 respectively. The final void ratio (a sh parameter) and shrinkage limit (b sh parameter) increased by 28% and 39% respectively after zeolite addition, which can be attributed to the increase in fines content, followed by corresponding reductions of 12.5% and 25% of 90-day cured specimens.
Figure 7. Shrinkage curves (a) NZ (0-d), (b) NZ (7-d), (c) NZ (28-d) and (d) NZ (90-d).
Table 4. Hyperbolic fitting parameters of the shrinkage curves.
Strength Properties
Unconfined Compressive Strength
Unconfined compressive strength of N was 411 kPa and decreased by 31% after zeolite inclusion (NZ) whereas failure strain increased by 1.8 fold. However, an increasing trend of unconfined compressive strength (UCS) of NZ mixtures was observed with ageing as presented in Figure 8 . The biggest increment of UCS was obtained within 28-day curing period, which has increased from 290 kPa at 0-day to 390 kPa, followed by a lower rate of increment reaching to 394 kPa in 90-day curing period. Hence, the strength increment is almost negligible after 28 days. This value is considered to be within the range recommended by Daniel and Wu (1993) who have suggested the minimum unconfined compressive strength
of 200 kPa for compacted clay liners in arid areas, which is the lower limit of the "stiff" range based on Peck et al. (1974) . 
Flexural Strength
Tensile strength is an important parameter in the projects which are exposed to heavy loads such as, airfield pavements, highways, landfills and embankments (Vaníček 2013) , therefore behaviour of stabilized soils under tension should be well understood. In this study, tensile strength is indirectly studied by flexural strength test, yielding the load-deflection curves for all soil groups shown in Figure 9 . Flexural strength results calculated by using Equation 3 are listed in Table 5 .
where P is the maximum flexural load, b is the width, d is the depth and L is the span length of the flexure beam. Figure 10 , the reduction in swell potential can be observed to be 85% from 0-day to 90-day cured specimen, which corresponds to an increment of 70% in flexural strength. In Figure 11 , a reduction of 34% volumetric shrinkage caused 30% increment in flexural strength. The reduction in compression index is observed in Figure 12 to be about 75% at the end of the 90-day curing period, which resulted in approximately 30% increment in flexural strength. Therefore, swell potential, volumetric shrinkage strain and compressibility are reduced significantly with the utilization of zeolite, the rate of change of each varying in different amounts with respect to flexural strength. 
SEM Analysis
Figure 13 (a) shows the scanning electron microscopy (SEM) image of expansive soil-zeolite (NZ) in the as compacted state, which shows flocculated soil fabric of NZ mixture. Figure 13 (b) reveals the micro-structural change due to hydration process within the expansive soilzeolite mixtures resulting in the formation of elongated tobermorite-like gels (CSH) around the soil particle edges within curing period of more than 90 days. 
Conclusions
An experimental study on the effect of curing on volume change and strength characteristics of expansive soil and zeolite mixture was perused and its suitability for geotechnical and geoenvironmental applications was discussed, deriving the following conclusions:
1. Swell potential of expansive soil was reduced by 53% from 4.95% to 2.35% after addition of zeolite (NZ). This value was further reduced by 85% to a swell potential of 0.35% after 90-day curing period.
2. Desiccation behaviour of zeolite added expansive soil revealed substantial reductions in volumetric, axial and diametral strains within 90 days. Average reduction in volumetric strains was observed to be 58% from 0.19 to 0.08 when zeolite added to expansive soil, which through pozzolanic effect yielded 38% more reduction from 0.08 to 0.05 within 0-day to 90-day curing periods. Compressibility characteristics were improved by 30% to increased grain size with the use of zeolite, exceeding the regulatory limit of 1 x 10 -7 cm/s in samples under pressures lower than 196 kPa and curing periods less than 90 days. However, these values were reduced by 80% within 90-day curing period to values well below the regulatory limit of 1 x 10 -7 cm/s under all confining pressure ranges studied.
4. The unconfined compressive strength of expansive soil-zeolite mixture was observed to improve by 36% from 290 kPa to 394 kPa, whereas an improvement of 57% was recorded in flexural strength, increasing from 47 kPa to 74 kPa within 90-day curing period.
5. Linear relationships of flexural strength versus swell percent, compression index, and volumetric shrinkage were observed with increasing curing time, the rate of decrease of volumetric shrinkage with increasing flexural strength being the most significant.
The aforementioned improvements were based on the structural changes at micro level due to pozzolanic reactions, displayed by the scanning electron micrographs, which indicate the 
